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TISSUE IMPLANTS FOR IMPLANTATION 
AND METHODS FOR PREPARING THE 

SAME 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

Not applicable. 

FIELD OF THE INVENTION 

This invention is generally in field of tissue implants for 
implantation and methods for preparing the same. More spe 
cifically, the present invention generally relates to decellular 
ized tissue implants, methods for preparing decellularized 
tissue implants for implantation, and method of using the 
decellularized tissue implants. 

BACKGROUND 

Decellularized tissue implants have many potential appli 
cations in reconstructive and rehabilitative procedures. For 
example, decellularized tissues implant may be used to rein 
force soft tissues where weakness exists, to reconstruct dam 
aged or defective tissue structures, and/or to patch holes or 
defects in tissue Surfaces. Decellularized tissue implants are 
generally sought having Such properties as Suitable tensile, 
burst, and Suture retention strength; biocompatibility; low 
risk of pathogen transmission and the ability to Support recel 
lularization in vivo. It therefore would be desirable to provide 
improved tissue implants having the desired properties, and, 
in particular, it would be desirable to provide new and 
improved methods for preparing decellularized tissues and 
tissue implants. 

SUMMARY 

In one aspect, a method is provided for preparing a tissue 
implant for implantation. The method includes treating a 
tissue material with a chlorine dioxide treatment solution, and 
thereafter treating the tissue material with an antioxidant. 

In another aspect, a method is provided for preparing a 
tissue implant for implantation. The method includes treating 
a pericardium tissue material, which has been harvested from 
a donor and rendered essentially acellular, with a chlorine 
dioxide treatment solution; and thereafter treating the peri 
cardium tissue material with an antioxidant solution, which 
comprises ascorbic acid or a salt thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic, illustrating a method of preparing a 
tissue implant for implantation in accordance with one or 
more embodiments of the present invention. 

FIG. 2 is a schematic, illustrating a method of preparing a 
tissue implant for implantation in accordance with one or 
more embodiments of the present invention. 

FIG. 3 is a schematic, illustrating a method of preparing a 
tissue implant for implantation in accordance with one or 
more embodiments of the present invention. 

FIG. 4 is a schematic, illustrating a method of preparing a 
tissue implant for implantation in accordance with one or 
more embodiments of the present invention. 

FIG. 5 is a schematic, illustrating a method of preparing a 
tissue implant for implantation in accordance with one or 
more embodiments of the present invention. 
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FIG. 6 is a schematic, illustrating a method of preparing a 

tissue implant for implantation in accordance with one or 
more embodiments of the present invention. 

FIG. 7 is a schematic, illustrating a method of preparing a 
tissue implant for implantation in accordance with one or 
more embodiments of the present invention. 

DETAILED DESCRIPTION 

New methods of producing tissue implants have been 
developed. These methods may be used to produce tissue 
implants for implantation having beneficial properties, e.g., 
Suitable tensile, burst, and Suture retention strength; biocom 
patibility; low risk of pathogen transmission and the ability to 
Support recellularization in vivo. 

In particular, new methods are provided for safely and 
effectively inactivating viruses in tissue implant materials 
using chlorine dioxide. Such methods may also protect the 
tissue material from potential damage caused by Subjection of 
the tissue material to ionizing radiation. Such objectives may 
be achieved by treating a tissue material with a chlorine 
dioxide treatment Solution; and thereafter treating the tissue 
material with an antioxidant. The tissue may later be sub 
jected to ionizing radiation. 
The methods may be used to produce decellularized tissue 

implants from Xenograft or allograft tissues, including but not 
limited to vascular tissues, orthopedic tissues, connective 
tissues, cardiac tissues, and other tissues that are sheet-like in 
configuration, such as peritoneum, pericardium, diaphrag 
matic ligament, fascia lata, urinary bladder, omentum, skin, 
and dermis. In one embodiment, pericardium is harvested 
from abovine donorand then processed as described hereinto 
form a decellularized tissue implant, which Subsequently is 
implanted in a human patient in need thereof. 
I. Methods 
New methods have been developed for preparing tissue 

implants for implantation, particularly decellularized tissue 
implants. In an exemplary embodiment, the method may 
include obtaining a starting tissue material, lysing cells within 
the starting tissue in a hypotonic Solution, treating the tissue 
in a solution comprising a nuclease and antimicrobial Such as 
benzyl alcohol, treating the tissue with an alkaline alcohol, 
treating the tissue with chlorine dioxide, treating the tissue 
with an antioxidant, and vacuum sealing the tissue in a pack 
age. The tissue implant may be thereafter frozen and/or ster 
ilized by ionizing radiation. Alternatively, in some embodi 
ments, the tissue implant may be chemically sterilized prior to 
packaging or after packaging, e.g., prior to Vacuum sealing. 
The tissue implant may be stored cryopreserved, frozen, 
refrigerated, or at ambient temperature storage conditions 
depending on the final configuration of the tissue implant. 

For example, as illustrated in FIG. 1, an exemplary method 
10 for preparing a tissue implant for implantation may com 
prise a series of treatment steps that transform a harvested, 
starting tissue material into a tissue implant, which may be 
implanted in a patient for various purposes, particular thera 
peutic, prophylactic, reconstructive, or other medical pur 
poses. Initially, a starting tissue material may be obtained in 
accordance with step 12. The starting tissue material may be 
harvested from a variety of animal donor tissues, including 
human or other mammalian Sources. For example, a portion 
of bovine pericardium may be acquired. The starting tissue 
material may then be lysed in a hypotonic Solution in accor 
dance with step 14. The step of lysing the tissue may cause the 
cells of the starting tissue to osmotically rupture or otherwise 
render the cells susceptible to decellularization by subsequent 
processing steps. The tissue may then be treated with a solu 
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tion comprising a nuclease and benzyl alcohol to eliminate or 
reduce the content of DNA and/or RNA present in the tissue 
in accordance with step 16. The tissue may then be washed 
with an antibiotic solution in accordance with step 18, which 
may also aid in removing cellular remnants and debris from 
the tissue. The tissue may then be treated with an alkaline 
alcohol solution in accordance with step 20. The alkaline 
alcohol treatment may change the texture of the tissue mate 
rial, providing tactile qualities that make it easier to handle 
during Surgery. Thereafter, the tissue may be treated with a 
Solution comprising chlorine dioxide in accordance with step 
22. The tissue may then be subjected to an antioxidant treat 
ment in accordance with step 24. For example, the tissue may 
be submerged in a solution comprising ascorbic acid or a salt 
thereof, e.g., Sodium ascorbate. The tissue may then be 
vacuum sealed in a package in accordance with step 26. In 
certain embodiments, the tissue implant is vacuum sealed in 
the antioxidant treatment solution. The tissue may then be 
irradiated with gamma or electron beam radiation in accor 
dance with step 28. The tissue implant may then be removed 
from the package and used in accordance with step 30. 

Various uses of the tissue implant are contemplated. For 
example, the tissue implant may be implanted and Sutured to 
a patient to perform a reconstructive or reinforcing function. 
For instance, the tissue implant may be implanted to reinforce 
Soft tissues where weakness exists, including but not limited 
to defects of the abdominal and thoracic wall, muscle flap 
reinforcement, rectal and vaginal prolapse, reconstruction of 
the pelvic floor, hernias, Suture line reinforcement, recon 
structive procedures, and urinary procedures. In another 
example, the tissue implant may be implanted for reinforce 
ment of soft tissues repaired by sutures or by suture anchors 
during tendon repair Surgery, including reinforcement of rota 
tor cuff, patella, Achilles, bicep, quadriceps, or other tendon 
or ligament. 

In some embodiments, a tissue implant is prepared for 
implantation by decellularizing a starting tissue material, 
treating the tissue with an alkaline alcohol, and treating the 
tissue with chlorine dioxide. For example, an exemplary 
method 50 for preparing a tissue implant for implantation is 
illustrated in FIG.2. Initially, a starting tissue material may be 
decellularized in accordance with step 52. Various methods 
may be employed to decellularize the starting tissue material, 
Such as hypotonic lysing, treatment with a nuclease, and/or 
treatment with a detergent. The tissue material may thereafter 
be treated with an alkaline alcohol solution in accordance 
with step 54. For example, the tissue may be treated with a 
Solution comprising ethanol and sodium hydroxide. The tis 
sue may thereafter be treated with chlorine dioxide in accor 
dance with step 56. 

In some embodiments, a tissue implant is prepared for 
implantation by obtaining a starting tissue material, lysing the 
starting tissue, and treating the tissue in a solution comprising 
a nuclease and an antimicrobial agent. Such as a preservative, 
for example, benzyl alcohol. An exemplary method 60 for 
preparing a tissue implant for implantation is illustrated in 
FIG. 3. Initially, a starting tissue material may be obtained in 
accordance with step 62. The starting tissue material may 
thereafter be lysed in accordance with step 64. For example, 
the starting tissue material may be lysed in water or a hypo 
tonic or other solution effective to initiate cell lysis. The tissue 
may thereafter be treated with a solution comprising a 
nuclease and an antimicrobial. Such as benzyl alcohol, in 
accordance with step 66. For example, the Solution may com 
prise a DNase and/or an RNase or other endonuclease that is 
reactive with DNA and/or RNA. The benzyl alcohol may be 
present in a concentration of about 0.8% to about 2.0% (v/v). 
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In some embodiments, a tissue implant is prepared for 

implantation by decellularizing a starting tissue material, 
treating the tissue with an antioxidant, vacuum sealing the 
tissue in a package, and irradiating the tissue. For example, an 
exemplary method 60 for preparing a tissue implant for 
implantation is illustrated in FIG. 4. Initially, a starting tissue 
material may be decellularized in accordance with step 72. 
The decellularized tissue may then be treated with an antioxi 
dant in accordance with step 74, and vacuum sealed in the 
package with the antioxidant in accordance with step 76. The 
tissue may thereafter be irradiated for terminal sterilization in 
accordance with step 78. 

In some embodiments, a tissue implant is prepared by 
decellularizing a starting tissue material, treating the tissue 
material with chlorine dioxide, and treating the tissue with an 
antioxidant. For example, an exemplary method 80 for pre 
paring a tissue implant for implantation is illustrated in FIG. 
5. Initially, a starting tissue material may be decellularized in 
accordance with step 82. The decellularized tissue may then 
be treated with chlorine dioxide in accordance with step 84. 
For example, the tissue may be treated with a solution com 
prising 130 ppm chlorine dioxide in phosphate-buffered 
saline at a refrigerated temperature. The tissue may thereafter 
be treated with an antioxidant, Such as ascorbic acid or a salt 
form thereof, in accordance with step 86. For example, the 
tissue may be treated with a solution comprising about 9.0 
mM to about 11.0 mM sodium ascorbate in phosphate-buff 
ered saline. 

In another embodiment, the method may include harvest 
ing tissue from a tissue donor and immediately rinsing the 
tissue with water or a hypotonic solution effective to initiate 
cellular lysis. The harvested tissue thereafter may be treated 
with a solution comprising a nuclease and an antimicrobial, 
Such as a preservative, for example, benzyl alcohol. The tissue 
is thereafter treated with an alkaline alcohol, and then treated 
with a solution comprising chlorine dioxide. The tissue is 
then treated with an antioxidant, vacuum sealed in a package, 
and irradiated with ionizing radiation while in the package. 
Advantageously, this process may achieve effective steriliza 
tion without the use of antibiotics or the use of phosphate 
buffered solution in procurement. Such a method may also 
increase process efficiency by reducing production time and 
COSt. 

An exemplary antibiotic-free process 100 is illustrated in 
FIG. 6. Initially, tissue is harvested from a human or non 
human donor in accordance with step 110. The tissue is then 
immediately treated with water to initiate cellular lysis in 
accordance with step 112. The tissue may be maintained in 
the water for a sufficient period of time to osmotically rupture 
the cells or otherwise render the tissue susceptible to decel 
lularization by later processing steps. For example, the tissue 
may be transported in water from the harvest site to a site 
where the tissue will be prepared into a tissue implant, main 
taining the tissue in hypotonic conditions during the period of 
transport. The tissue may thereafter be treated in a nuclease 
Solution in accordance with step 114. The nuclease solution 
may comprise an antimicrobial. Such as benzyl alcohol in an 
amount sufficient to prevent the growth of bioburden during 
nuclease treatment. The tissue may then be treated with an 
alkaline alcohol solution in accordance with step 116. For 
example, the tissue may be treated in a solution comprising 
ethanol and sodium hydroxide. The ethanol may be present in 
a concentration of about 72% to about 88% (v/v). The solu 
tion may comprise about 0.016 M to about 0.022 M sodium 
hydroxide. The tissue may then be treated with chlorine diox 
ide in accordance with step 118. For example, the tissue may 
be treated with a solution comprising 130 ppm chlorine diox 
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ide in phosphate-buffered saline at a refrigerated temperature. 
The tissue may thereafter be treated with an antioxidant, such 
as ascorbic acidora salt form thereof, in accordance with step 
120. For example, the tissue may be treated with a solution 
comprising about 9.0 mM to about 11.0 mM sodium ascor 
bate in phosphate-buffered saline. The tissue may thereafter 
be vacuum sealed in a package in accordance with step 122, 
and irradiated for terminal sterilization using ionizing radia 
tion in accordance with step 124. 

In some embodiments, a tissue implant may be prepared 
for implantation by treating a tissue material in a nuclease 
containing Solution, the nuclease-containing solution com 
prising an antimicrobial; and thereafter treating the tissue 
material with an alkaline alcohol solution. For example, an 
exemplary tissue treatment method 130 is illustrated in FIG. 
7. The tissue may be decellularized, such as by lysing the 
native cells of the tissue, treating the tissue with a nuclease 
and/or treating the tissue with a detergent, in accordance with 
step 132. The tissue may then be treated with a nuclease 
Solution that comprises an antimicrobial in accordance with 
step 132. For example, the nuclease solution may comprise a 
preservative, such as benzyl alcohol in an amount Sufficient to 
prevent the growth of bioburden during nuclease treatment. 
The tissue may then be treated with an alkaline alcohol in 
accordance with step 134. 

In some embodiments, the methods described herein are 
performed by moving the tissue material between different 
containers that contain the various treatment solutions. In 
other embodiments, the methods described herein are per 
formed by maintaining the tissue material in a container, and 
serially filling the container with a series of treatment solu 
tions. For example, the various treatment solutions may be 
circulated through the container sequentially. In some 
embodiments, the container is filled with a treatment solution, 
then the container is drained, and a second treatment Solution 
is added. In some embodiments, the methods are performed 
by a combination of the foregoing. Moreover, one or more 
steps of the process may be partially or totally automated. To 
facilitate Such processes, the tissue may be secured to a tissue 
holding device to ensure uniform exposure of the tissue to the 
treatment Solution. For example, the tissue may be attached to 
a frame. The frame may maintain the tissue in a plane so that 
the tissue does not fold during treatment. 

It is contemplated that methods of preparing tissue 
implants for implantation may comprise various combina 
tions of the foregoing steps consistent with the teachings of 
the present disclosure. For example, steps of the method of 
FIG.3 may be combined with the steps of any of the methods 
of FIG. 2, FIG. 4, FIG. 5, and/or FIG. 7. Furthermore, 
although the present methods are described in the context of 
unfixed allograft and Xenograft tissue materials, aspects of the 
disclosed methods may also be utilized with biosynthetic 
material and/or fixed biologics. That is, the Source tissues 
may be produced using in vitro tissue synthesis techniques as 
well as recombinant means known in the art. For example, the 
described alkaline alcohol, chlorine dioxide, and ascorbate 
treatment solutions may be used in antiviral and sterilization 
treatment processes for biosynthetic and fixed tissues. In 
addition, treatment with a nuclease may be omitted in some 
embodiments, particularly in non-cardiac applications. Other 
variations would be obvious to one of ordinary skill in the art 
in view of the present disclosure. Various steps for preparing 
a tissue implant for implantation are described in greater 
detail below. 

A. Tissue Procurement 
Biological tissues suitable for use in the present methods 

include those appropriate for implantation into humans or 
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6 
animals. Biological tissue for transplantation may be har 
Vested from various sources. Tissues can be human or non 
human, e.g. bovine, porcine, equine, Ovine, macropodidae 
(e.g., kangaroo) or non-human primate in origin. Such start 
ing tissue materials include tissue materials that are derived 
from human or -nonhuman Sources. The present methods 
may be used to prepare allograft or Xenograft tissue for 
implantation in humans. 

While the present invention is often exemplified by refer 
ence to pericardium, particularly bovine pericardium, the 
present methods are applicable to other tissues as well, par 
ticularly soft tissues. Specifically, the present methods may 
be employed to prepare connective tissue, muscle tissue, ner 
Vous tissue or epithelial tissue for implantation. Examples of 
suitable epithelial, mesothelial, and endothelial tissues 
include skin tissues and the tissues that line body cavities and 
lumen, including, but not limited to, pericardium, perito 
neum, pleura, blood vessels (e.g., veins and arteries), stom 
ach, intestines, esophagus, Fallopian tubes, endometrium, 
cervix, Vagina, trachea, bronchioles, tympanic membrane, 
ureter, umbilical cord and bladder. Other tissues that may be 
used include tendons, ligaments, fascia, dura mater, dia 
phragm, and heart valves. 

In an exemplary embodiment, the biological tissue com 
prises bovine pericardium. The pericardial sac may be 
Sourced and harvested in accordance with applicable regula 
tory requirements. The tissue may be thereafter transported in 
a suitable physiological buffer solution. For example, the 
tissue may be transported in phosphate-buffered saline (PBS) 
in refrigerated conditions. 

In another embodiment, the tissue material may be har 
vested from a human or non-human donor and then treated 
with water, e.g., deionized water or a hypotonic Solution, to 
initiate cellular lysis. In some embodiments, the tissue mate 
rial is treated with deionized water or a hypotonic solution 
multiple times to serially reduce the intrinsic bioburden and 
initiate cellular lysis. In certain embodiments, the treatment 
Solution may comprise antibiotics to provide active biobur 
den reduction. The treatment solution may comprise antimi 
crobial or bacteriostatic agents, e.g., benzyl alcohol, to reduce 
the potential for bacterial outgrowth. The treatment solution 
may also include an alkaline alcohol, e.g., sodium hydroxide 
and ethanol, to reduce bioburden and viral content. The treat 
ment Solution may also include one or more Surfactants. In yet 
another embodiment, the treatment solution may be a hyper 
tonic solution and the tissue material may be later treated with 
a hypotonic Solution, e.g., during shipping. 
The material may then be packaged in a container for 

shipping and maintained frozen, cold, or at ambient tempera 
ture during transport. In some embodiments, the tissue mate 
rial may be maintained in water under hypotonic and refrig 
erated conditions during transport from the harvest site. The 
shipping solution may also include antibiotics and or bacte 
riostatic agents, such as benzyl alcohol. Preferably, the tissue 
material is maintained between ambient and freezing tem 
perature during the entire procurement process to reduce 
biochemical degradation and bacterial blooms. Alternatively, 
the tissue may be dried, flash frozen, and then shipped in a 
frozen state without using a shipping solution. 

B. Tissue Dissection 
Before subjecting the tissue to the decellularization and 

treatment methods described herein, the tissue may be 
trimmed to a desired size and shape. Before trimming the 
tissue, a portion of the tissue may be first selected that has 
desired thickness and physical properties and is generally free 
from defects. The selected portion of the tissue may be cut to 
the desired shape and size. For example, a patch may be cut 
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from the tissue in the shape of a circle, ellipse, oval, or 
rectangle. In a preferred embodiment, the tissue may be cut in 
a Substantially circular shape, for example, a circle having a 
diameter of about 4 cm to about 12 cm, or more preferably 
about 5 cm to about 10 cm, or about 7 cm. In another embodi 
ment, the tissue may be cut to form a patch that is substantially 
elliptical in shape, such as a 5 cm by 8 cm ellipse. Other 
shapes may be used including regular and irregular polygons, 
curvilinear shapes, and combinations thereof. 

In some embodiments, a portion of pericardium may be 
selected that is free of non-target or non-desired tissue ele 
ments and is substantially uniform in thickness. For bovine 
pericardium, it is generally possible to cut a 10 cm by a 20 cm 
rectangular sheet from the pericardial sac that is free of extra 
neous connective tissue and Substantially uniform in thick 
ness. In one embodiment, the entire sheet is subjected to the 
decelluralization and treatment methods described herein. In 
other embodiments, the sheet is cut into Smaller portions, e.g., 
patches, before being subjected to the decelluralization and 
treatment methods described herein. 

In some embodiments, the tissue is cut with a laser. In 
certain embodiments, the laser is computer-controlled to cut 
the desired shape based on a computer program. The control 
ler may automatically adjust the direction, power, and speed 
of the laser and/or automatically adjust the orientation or 
location of the tissue relative to the laser. Laser cutting may 
resultina Heat Affected Zone (HAZ) at the edge of the cut. In 
some embodiments, the HAZ may be removed by washing 
the tissue in a solution, such as sodium ascorbate. In some 
embodiments, HAZ is avoided or minimized by using an ultra 
fast laser, i.e., a laser with a short pulse duration, such as a 
femtosecond laser. In other embodiments, the tissue may be 
cut using a high-velocity water stream, an arc cutter, a clicker 
press, or manually with a bladed instrument. 

Other biological tissues may be trimmed to form patches 
and/or other tissue articles of various shapes and sizes. The 
specific shape and size will depend on the intended use of the 
patch or article. 

C. Hypotonic Lysis 
The trimmed tissue may then be placed in hypotonic solu 

tion in order to effect cell lysis. When placed in a hypotonic 
solution water may be drawn into the cells of the tissue 
through the cell membrane via osmosis. This may cause the 
cells of the tissue to swell and burst. In some embodiments, 
the tissue may be retained in the hypotonic solution for a 
period of time sufficient to cause the cells of the starting tissue 
to osmotically rupture or otherwise render the cells Suscep 
tible to decellularization by Subsequent processing steps. The 
term “decellularization' as used herein refers to the destruc 
tion of the cells of a tissue material. Various observational 
and/or quantitative methods are known for evaluating decel 
lularization and measuring the degree thereof. For example, 
the degree of decellularization may be measured by perform 
ing a hematoxylin stain of nuclei present in a starting tissue 
and the processed tissue and comparing the results. A tissue 
may be considered “essentially acellular if the tissue com 
prises at least 70% fewer hematoxylin stainings than the 
starting cellular tissue material. More preferably, a decellu 
larized tissue comprises 95% fewer, or even more preferably 
99% fewer hematoxylin stainings than the starting cellular 
tissue material. 

Solutions for effecting cell lysis may include water or a 
Solution having a solute (e.g., a salt such as NaCl) concentra 
tion of up to about 80 millimolar (for example, a 10-20 or 
20-40mMNaCl solution). Lysis can be effected, for example, 
at a temperature in the range of 20° C. to 40°C., preferably 
about 37°C. The tissue may be maintained in the hypotonic 
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8 
solution for about 4 hours to about 10 days, or preferably 
about 4 hours to about 8 hours. The amount of time needed to 
achieve cell lysis may depend on the temperature at which 
lysis is performed. For example, at higher temperatures, lysis 
may be achieved in a shorter period of time than when treated 
at a lower temperature. 

D. Nuclease Treatment 
The tissue is then contacted with a nuclease solution. For 

example, the issue may be incubated in a nuclease solution 
that is effective for degrading cellular nuclei material present 
in the tissue material. The nuclease solution may comprise 
one or more endonucleases such as BenZonase. The nuclease 
solution may comprise DNase and/or an RNase. In some 
embodiments, the tissue may be incubated in the nuclease 
solution at a temperature in the range of about 30°C. to about 
40° C., preferably about 37°C. The tissue may be incubated 
in the nuclease solution for about 24 hours to about 30 hours 
or for any period of time sufficient to degrade the cell nuclei 
material. 

In a preferred embodiment, the nuclease solution further 
comprises an antibacterial agent effective for preventing a 
bacterial bloom during nuclease treatment. For example, the 
nuclease solution may comprise one or more preservatives, 
antibiotics and/or antiseptic agents. Exemplary antibiotics 
include, but are not limited to, amikacin and levofloxacin. 
Exemplary preservatives include, but are not limited to, ben 
Zyl alcohol, sodium metabisulfite and/or methylparaben. 
Chlorhexidine is an exemplary antiseptic agent. 

In some embodiments, the nuclease solution comprises 
about 0.8 to about 2.0% (v/v) benzyl alcohol. Benzyl alcohol 
is a bacteriostatic agent and has been discovered to be effec 
tive for preventing the growth of bacteria, particularly gram 
negative bacteria, during nuclease treatment. The nuclease 
treatment solution, without the benzyl alcohol, may provide 
conditions that allow for the growth of viable bacteria remain 
ing from previous bioburden reduction treatments. Benzyl 
alcohol provides a bacteriostatic/bacteriocidal agent to the 
nuclease solution that does not negatively effect the process 
OutCOme. 

In some embodiments, a nuclease treatment solution may 
comprise a DNase (e.g., DNase I), an RNase (e.g., RNaseA). 
and benzyl alcohol. In some embodiments, the nuclease treat 
ment solution comprises BenZonase. The nuclease treatment 
solution may further comprise MgCl, CaCl2, and/or Tris-Cl. 
For example, the nuclease treatment solution may comprise 
about 48 mM Tris-C1, about 2.88 mMMgCl, about 0.96 mM 
CaCl2, about 19.2 g/ml DNase I, and about 19.2 g/ml 
RNase A in sterile water. In some embodiments, approxi 
mately 9 mL NF grade benzyl alcohol (98-100.5%) may be 
added per liter of nuclease solution to yield a final benzyl 
alcohol concentration of about 0.8 to about 2.0% (v/v). 

E. Tissue Washout 
After treatment with the nuclease-containing Solution, the 

tissue may then be treated in an antibacterial/antifungal-con 
taining buffer Solution. In some embodiments, the Solution 
may comprise one or more broad spectrum antibacterial 
agents and one or more antifungal agents in a physiological 
buffer in concentrations and/or amounts effective for reduc 
ing bioburden on the tissue material. For example, the solu 
tion may comprise an aminoglycoside, a betalactam and a 
polyene. In certain embodiments, the tissue may be treated 
with the antibacterial/antifungal-containing buffer Solution 
for a period of about 24 to about 72 hours at a temperature 
between 2° C. and 40° C. In some embodiments, such as 
embodiments in which the tissue material is to be processed 
without contacting antibiotics, this step may be omitted. 
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F. Alkaline Alcohol Treatment 
The tissue may then be treated in an alkaline alcohol solu 

tion. The alkaline alcohol solution may be effective for reduc 
ing the nuclease content of the tissue, reducing the viral load 
of the tissue and/or altering the textural quality of the tissue 
material. The alcohol component of the alkaline alcohol solu 
tion may comprise isopropanol, methanol or ethanol. The 
alkaline component of the alkaline alcohol Solution may com 
prise a hydroxide salt. In some embodiments, the alkaline 
alcohol treatment solution may comprise ethanol in a concen 
tration of about 72% to about 88% (v/v). In some embodi 
ments, the alkaline solution may comprise about 0.016M to 
about 0.022M sodium hydroxide. In an exemplary embodi 
ment, the alkaline alcohol solution comprises about 80% 
(v/v) ethanol and about 0.02 M sodium hydroxide in about 
0.9% saline. The tissue may be treated in the alkaline alcohol 
solution for about 60 minutes to about 3 hours. 

It has been discovered that treatment of the tissue with the 
alkaline alcohol Solution may further reduce nuclease content 
of the tissue and reduces the viral load of the tissue. Thus, the 
alkaline alcohol treatment may increase the antiviral effec 
tiveness of the process. Specifically, the alkaline alcohol 
treatment provides an independent viral inactivation modality 
distinct from that which is provided by terminal sterilization, 
e.g., irradiation. The alkaline alcohol may directly chemically 
interact with the virus particles, rendering the virus particles 
inactive. It has also been discovered that the treatment of the 
tissue with the alkaline alcohol solution beneficially imparts 
desirable textural qualities to the treated tissue and may allow 
the resulting tissue implant to be more easily handled by 
Surgeons. 

G. Chlorine Dioxide Treatment 
The tissue may then be treated in a chlorine dioxide solu 

tion. The chlorine dioxide solution may comprise chlorine 
dioxide in Sufficient concentration and/or amount to reduce 
the viral content of the tissue material. The tissue may be 
treated in a solution having a concentration of about 50 ppm 
or greater, on a continuous basis, for at least 60 minutes. 
Because the chlorine dioxide concentration may decrease 
during treatment by degradation, reaction or loss to the atmo 
sphere, the initial concentration of the chlorine dioxide treat 
ment solution may be greater than about 50 ppm of chlorine 
dioxide. In some embodiments, the chlorine dioxide solution 
may comprise about 100 to about 160 ppm chlorine dioxide. 
For example, the chlorine dioxide solution may comprise 
about 130 ppm chlorine dioxide in PBS at a refrigerated 
temperature. The tissue may be treated in the chlorine dioxide 
solution for one or more periods of about 60 to about 90 
minutes. In certain embodiments, the tissue may be treated 
with the chlorine dioxide solution for two treatment periods, 
each treatment period lasting from about 60 to about 90 
minutes. 

It has been discovered that the addition of such a chlorine 
dioxide treatment to a treatment procedure that includes treat 
ment with an alkaline alcohol Solution and irradiation may 
advantageously result in 210 log virus reduction. In some 
embodiments, the chlorine dioxide gas may be generated at 
the point of use, e.g., it may be generated within the treatment 
solution. For example, the chlorine dioxide treatment solu 
tion may be produced by reacting sodium chlorite tablets with 
an organic acid in phosphate buffered saline (PBS). 

H. Antioxidant Treatment 
The tissue may then be treated with an antioxidant solution. 

The antioxidant Solution may comprise an antioxidant in a 
Sufficient quantity and/or concentration to degrade the chlo 
rine dioxide remaining in the tissue material from a previous 
chlorine dioxide treatment step and/or to act as a radiopro 
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10 
tectant for Subsequent exposure to ionizing radiation. In some 
embodiments, the antioxidant solution may comprise ascor 
bic acid or one of its Sodium, potassium, or calcium salts. In 
Some embodiments, the antioxidant solution may comprise 
about 9.0 mM to about 11.0 mM of ascorbic acid or its salt in 
PBS. For example, the antioxidant solution may comprise 
about 9.0 mM to about 11.0 mM sodium ascorbate in PBS, or 
about 10.0 mM sodium ascorbate in PBS. The antioxidant 
may be in contact with the tissue at refrigerated temperatures, 
e.g., about 2°C. to about 10°C., over a period of about 16 to 
about 24 hours. 

In some embodiments, other or additional antioxidants 
may be used. For example, butylhydroxytoluene and/or toco 
pherol may be used in place of Sodium ascorbate or in com 
bination with sodium ascorbate. 

Advantageously, the tissue may be packaged in the anti 
oxidant solution. The antioxidants in the Solution may 
degrade the chlorine dioxide remaining in the tissue from the 
chlorine dioxide treatment, thereby reducing the toxicity of 
the implant or rendering the implant nontoxic. Because the 
high antioxidant concentration, the solution advantageously 
may also be radioprotective. That is, the antioxidant treatment 
Solution may prevent oxidation and mitigate free radical dam 
age from gamma irradiation. 

I. Vacuum Sealing 
The tissue may then be vacuum sealed to reduce further 

exposure of the tissue to oxygen. In some embodiments, the 
tissue is vacuum sealed in a package with the antioxidant 
treatment solution. Preferably, the tissue is vacuum sealed in 
package that is dimensioned to allow the tissue to be main 
tained in a flat and unfolded state when sealed. Various types 
of vacuum systems may be employed to create the seal. For 
example, a venturi or a vacuum pump may be used to remove 
air from the package prior to initiating a heat seal. In some 
embodiments, a vacuum level of about 13 in Hg is achieved 
before the heat seal is created. In some embodiments, an 
evacuate-flush-evacuate cycle is used to remove oxygen from 
the package. For example, the package may be subjected to a 
vacuum to evacuate the air from the package, then filled with 
an inert gas such as nitrogen or argon, and then Subjected to a 
Vacuum once again to evacuate the inert gas (e.g., nitrogen or 
argon) from the package. 
The removal of air from the package prevents air pockets 

from developing between the tissue implant and the pouch 
and reduces free radical formation when then package is 
Subjected to gamma irradiation. The vacuum also advanta 
geously causes the package to maintain the tissue in a flat and 
stationary position during transport and prevents the forma 
tion of permanent folds/creases when the tissue is Subjected 
to irradiation. 

J. Packaging of Tissue for Transport 
The tissue may thereafter packaged for transport. In some 

embodiments, a double pouch configuration is employed. 
The vacuum sealed inner pouch may comprise a clear film 
material. For example, the inner pouch may be formed of a 
multilayer laminate film with an inner heat-sealable layer and 
one or more outer layers having good oxygen barrier proper 
ties. The inner pouch may have a low vapor transmission 
level. In some embodiments, the heat sealed inner pouch is 
stored in an outer pouch, which may comprise foil or a met 
alized polymer film. The outer pouch preferably does not 
allow for any measurable vapor transmission. The double 
pouch configuration may have a shelflife of at least two years 
under ambient conditions. Advantageously, the tissue may be 
stored without refrigeration or freezing. The packaging, e.g., 
the inner pouch and outer pouch, is preferably radiation 
stable. 
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In some embodiments, the tissue is transported cold but at 
a temperature greater than the freezing point of the antioxi 
dant treatment solution so that the tissue is not allowed to 
freeze during transport. 

K. Sterilization/Crosslinking 
The tissue may be terminally sterilized while packaged. In 

Some embodiments, the tissue implant is Subjected to gamma 
or electronbeam irradiation in a radiation dosage sufficient to 
further reduce the microbial content of the tissue material. For 
example, the tissue may be subjected to radiation of about 15 
to about 40 kGy. In some embodiments, the tissue implant is 
sterilized with a radiation dosage sufficient to achieve a Ste 
rility Assurance Level (SAL) of 10 to the minus 6. 

In other embodiments, the tissue may be terminally steril 
ized with chemical sterilants or may be treated with crosslink 
ing agents or other chemicals prior to or after packaging. In 
Some embodiments, the tissue implant is contacted with the 
chemicals in Sufficient concentration and/or amount to fur 
ther reduce the microbial content of the tissue material. For 
example, the tissue mat be treated with ethylene oxide, form 
aldehyde, peracetic acid, hydrogen peroxide, oZone, glutaral 
dehyde, propiolactone, o-phthaldehyde, propylene oxide, 
mercurials, phenols, chlorine, hypochlorite, iodophore, per 
acetic acid, Superoxidized water, chlorhexidine, detergents, 
Supercritical fluids (e.g., Supercritical CO), quaternary 
ammonium compounds, silver, kathon, inactine (PEN 110), 
ultrasonication, pressure cycling, and/or steam. 

L. Unpackage and Use 
Immediately prior to use, the tissue may be removed from 

the packaging by peeling away, tearing, or cutting the outer 
pouch and inner pouch. In embodiments in which the tissue is 
stored in the antioxidant treatment solution, the tissue is ready 
for use when removed from the inner pouch without requiring 
rinsing or re-hydration. 
The tissue may then be implanted at the desired location. 

For example, the tissue implant may be used to reinforce soft 
tissues where weakness exists. In some embodiments, the 
tissue may be used to reinforce soft tissues repaired by Sutures 
or by Suture anchors, e.g., as part of a tendon repair Surgery. In 
Some embodiments, the tissue is implanted as a patch to repair 
defects of the abdominal or thoracic wall. The tissue implant 
may also be implanted in patch form to repair the heart, a 
rectal or a vaginal prolapse, or it may be implanted for recon 
struction of the pelvic floor. The tissue may be implanted to 
patch hernias, as a reinforcement for a Suture-line, or it may 
be used in breast or other reconstructive and/or cosmetic 
procedures. The tissue implant may be utilized as a vascular 
patch as in the procedure of endaterectomy. The tissue 
implant may also be used in urinary systems. In some 
embodiments, the tissue is implanted as to reinforce a rotator 
cuff, a patella, an Achilles, a bicep, a quadriceps, or other 
tendon or ligament. 
II. Tissue Implants 

Tissue implants produced by the foregoing methods may 
possess many desirable properties for reconstructive and rein 
forcing applications, such as Suitable mechanical strength, 
biocompatibility, and the ability to support recellularization 
in vivo. The tissue implants may further provide good physi 
cal Support for repair, and a biological scaffold for healing. 

In some embodiments, the tissue implants are essentially 
acellular. In certain embodiments, the tissue implants have at 
least 95% fewer intact cells, or 99% fewerintact cells than the 
naturally occurring biological material. In some embodi 
ments, the tissue implants consist essentially of structural 
proteins, e.g., collagen and elastin. In some embodiments, the 
tissue implants are unfixed, i.e., not chemically cross-linked. 
The tissue may also be cross-linked, such as with 1-ethyl-3- 
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12 
(3-dimethylaminopropyl)carbodiimide (“EDC). The tissue 
implants may therefore be remodelable. The tissue implants 
may also support healing by providing a tissue matrix that is 
capable of recellularizing and remodeling. 

In some embodiments, the tissue implant may comprise 
decellularized tissue, such as decellularized human, bovine, 
equine, macropodidae orporcine pericardium, dermis, omen 
tum, amniotic membrane, peritoneum, or urinary bladder. 
The tissue implants may also comprise decellularized tissue 
materials of other origins, including vascular tissues, ortho 
pedic tissues, connective tissues, cardiac tissues, and other 
tissues that are sheet-like in configuration. 
The tissue implants may be of uniform thickness and 

physical properties. For example, the tissue implant may be a 
patch, such as a patch in the shape of a circle, ellipse, oval, or 
rectangle. In a preferred embodiment, the tissue implant may 
be a patch that is substantially circular shape, for example, a 
circle having a diameter of about 4 cm to about 12 cm, or more 
preferably about 5 cm to about 10 cm, or about 7 cm. In 
another embodiment, the tissue implant may be in the form of 
a patch that is Substantially elliptical in shape. Such as a 5 cm 
by 8 cm ellipse. The tissue implant may beformed into a patch 
of various other shapes including regular and irregular poly 
gons, curvilinear shapes, and combinations thereof. 

Tissue implants produced by the foregoing methods have 
been tested in accordance with standardized testing method 
ologies (e.g., ISO 10993) and have been found to be non 
cytotoxic, non-sensitizing, non-irritating, non-genotoxic, 
non-pyrogenic, non-hemolytic, and do not promote system 
toxicity (See TABLE 1). 

TABLE 1 

Tissue Implant Test Methodologies and Outcomes 

Test Methodology Outcome 

Cytotoxicity 
SO Elution Method, 1X MEM Extract 
Sensitization 
SO Maximization Sensitization: 0.9% 
Saline and vegetable oil extracts 
rritation 
SO Intracutaneous Study: 0.9% saline 
and vegetable oil extracts 
Systemic Toxicity 
USP & ISO 0.9% saline and vegetable 
oil extracts 
Genotoxicity 
Bacterial Reverse Mutation, in vitro 
Mammalian cells, 
Mouse Peripheral Blood Micronucleus 
Pyrogenicity 
Material Mediated - 0.9% SC Extract 
in Vitro Hemolysis 
Whole rabbit blood lysis - ASTM 

Not cytotoxic 

Not sensitizing 

Not irritating 

No systemic toxicity 

Not genotoxic 

Non-pyrogenic 

Not hemolytic 

Biomechanical evaluations of the tissue implants have 
demonstrated high tensile, burst, and tear resistance, as well 
as Suitable Suture retention strengths. The denaturation tem 
peratures of tissue implants produced by the foregoing meth 
ods are consistent with decellularized and irradiated connec 
tive tissue matrices. In some embodiments, the tissue 
implants are also ready to use directly out of the package and 
do not require rehydration or rinsing. 
The tissue implants produced by the foregoing methods are 

also terminally sterile and essentially virus free. The tissue 
implants have a Sterility Assurance Level (SAL) of better 
than 10, which indicates that the present method yields a 
greater than 6 log reduction in microbial organisms. The 
tissue implants may exhibit at least 10 log viral reduction. 
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EXAMPLE 

In pilot production studies, it was discovered that there is a 
potential for growth of gram-negative bacteria during 
nuclease treatment. It is believed that the environmental con 
ditions present during nuclease treatment, e.g., temperature, 
moisture and available food source, favors the growth of 
gram-negative bacteria. 
Selection of Nuclease Treatment Additives 
From extensive literature review, a combination of amika 

cin and levofloxacin was hypothesized to provide the required 
antibacterial coverage. The concentration for both antibiotics 
was chosen as the approximate middle of the minimum 
inhibitory concentration against sensitive bacteria (MIC) 
range (levofloxacin 0.03-32 g/mL and amikacin 0.125-32 
g/mL) or 16 Jug/mL. 
For non-antibiotic alternatives, benzyl alcohol, sodium 

metabisulfite and methylparaben were also selected from an 
extensive list of chemical preservatives and disinfectants for 
consideration. For the initial evaluation additions of 0.9% 
benzyl alcohol and 0.2% sodium metabisulfite were used. 
The chemical disinfectant chlorhexidine was selected for use 
in the form of chlorhexidine gluconate at the concentration of 
O.12% 
An acidic nuclease formulation having a pH of 5.0 was 

prepared by substituting the Tris-Cl buffer system with a 
0.1M sodium acetate buffering system. The slightly acidic pH 
is below the minimum for favorable growth of the Pseudomo 
nas sp. Since the pH is not optimal for the functionality of the 
nuclease, the concentrations of CaCl and MgCl, in the solu 
tion were increased to 10 mM in an attempt to offset any loss 
in activity. 
Experimental Method 
The evaluation of the nuclease solution variations had two 

components, an assessment of the effect on the enzymatic 
activity level of the DNase and RNase, and an assessment 
effect on bacteria growth. A 400 ml volume of each nuclease 
Solution was formulated, including: 

Standard nuclease (N). 
Standard nuclease--16 g/mL levofloxacin and 16 ug/mL 

Amikacin (N) 
Standard nuclease+0.9% benzyl alcohol (N) 
Standard nuclease--0.2% sodium metabisulfite (N). 
Standard nuclease--0.12% chlorhexidine gluconate (N) 
Acidic nuclease (Nt) 
For the enzymatic activity assessment, a sample of each 

solution as first analyzed for RNase and DNase enzymatic 
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activity. The results of the analysis were used to determine if 
any of the nuclease variations should be removed from further 
evaluation. 
To assess the effect on bacterial growth the nuclease solu 

tions was evaluated with a pericardium tissue process model. 
For each solution, a sheet (10 cmx20 cm) of bovine pericar 
dium that had been processed through the bioburden reduc 
tion and hypotonic lysis treatment was cut into two sections 
(10 cmx10 cm). 
One of the two sections was placed into a container with 

100 mL of a nuclease solution. The second section was placed 
into a container and inoculated with 1 mL of Stenotrophomo 
nas maltophlia (“SMAL) at 100-1000 cfu/mL. The tissue 
was left undisturbed for a 15 minute adhesion interval at room 
temperature. 100 mL of the nuclease solution was then added 
to the container. The tissues were incubated for 24-30 hours to 
simulate the standard nuclease treatment. Following the incu 
bation period, each tissue was transferred to a container with 
100 mL of sterile PBS for a rinse recovery assay to determine 
the bioburden load. The rinse recovery solutions were diluted 
and filter plated to Tryptic Soy Agar (“TSA), incubated at 
30-35° C. and evaluated for countable colonies. 
Results 

Results of the enzyme activity assay indicated a reduction 
in the DNase activity from the acidic nuclease solution, and 
the results of the RNase activity were inconclusive. The 
results of the activity assays on the benzyl alcohol, Sodium 
metabisulfite, and chlorhexidine gluconate indicated no 
change in the DNase and RNase activity as compared to the 
control solutions. Considering these results the acidic 
nuclease was removed from further evaluation. 
To reduce the size of the evaluation, the additives evaluated 

were limited to the antibiotics, chlorhexidine gluconate and 
the benzyl alcohol. The count plates had an average of 45 
colonies at a 10' dilution or 450 colonies/mL. The calculated 
microbial bioburden from the inoculated tissues were 450 cfu 
for the control and no visible colonies for the three additive 
solutions. The calculated microbial bioburden from the tis 
sues without the inoculation were 1090 cfu for the control and 
35, 0 and 0 for the antibiotics, benzyl alcohol and chlorhexi 
dine gluconate, respectively. 

These results indicate all three solutions were minimally 
capable of preserving the original bioburden level, and in 
general reduced the bioburden by 2-3 logs (See TABLES 2 
and 3). 

TABLE 2 

Results of Nuclease Additive Effectiveness 
as a Preservative with Processed Bovine Pericardium (Natural Flora 

Natural 
Microorganism Flora 
Dilution 10 mL. 1 mL. 10 mL 102 mL 10 mL 10 mL 10 mL 10 mL 

Multiplier 1.OOE--O1 1.OOE--O2 1.OOE--O3 1.OOE-04 1.OOE--OS 1.OOE-06 1.OOE-07 1.OOE-07 
Nuclease 112 9 2 O O O O O 
Nuclease 106 2O 1 O O O O O 
Average Count 109 15 2 O O O O O 
Results 1090 1450 1SOO O.OOE--OO O.OOE-00 OOOE--OO O.OOE--OO O.OOE--OO 
Nuclease + 3 1 O O O O O O 
Antibiotics 
Nuclease + 4 O O O O O O O 
Antibiotics 
Average Count 4 1 O O O O O O 
Results 35 50 O O.OOE--OO O.OOE-00 OOOE--OO O.OOE--OO O.OOE--OO 
Nuclease + 
Benzyl Alcohol O O O O O O O O 



US 8,475,827 B2 
15 

TABLE 2-continued 

Results of Nuclease Additive Effectiveness 
as a Preservative with Processed Bovine Pericardium (Natural Flora 

16 

Natural 
Microorganism Flora 
Dilution 10 mL. 1 mL 10 mL 102 mL 10 mL 10 mL 10 mL 10 mL 

Nuclease + O O O O O O O O 
Benzyl Alcohol 
Average Count O O O O O O O O 
Results O.OOE--OO O.OOE-00 OOOE--OO O.OOE-00 OOOE--OO O.OOE--OO O.OOE-00 OOOE-00 
Nuclease + O O O O O O O O 
Chlorhexidine 
Nuclease + O O O O O O O O 
Chlorhexidine 
Average Count O O O O O O O O 
Results O.OOE--OO O.OOE-00 OOOE--OO O.OOE-00 OOOE--OO O.OOE--OO O.OOE-00 OOOE-00 

TABLE 3 

Results of Nuclease Additive Effectiveness 
as a Preservative with Processed Bovine Pericardium (Spiked with SMAL 

Microorganism SMAL 

Dilution 10 mL. 1 mL 10 mL 102 mL 10 mL 

Multiplier 1.OOE--O1 1.OOE--O2 1.OOE--O3 1.OOE-04 1.OOE-05 
Nuclease 36 2 O O O 
Nuclease 53 5 O O O 
Average Count 45 4 O O O 
Results 4.45E--O2 3.5OE--O2 O.OOE--OO O.OOE--OO O.OOE--OO 
Nuclease + O O O O O 
Antibiotics 
Nuclease + O O O O O 
Antibiotics 
Average Count O O O O O 
Results O.OOE--OO O.OOE-00 OOOE--OO O.OOE-00 OOOE--OO 
Nuclease + O O O O O 
Benzyl Alcohol 
Nuclease + 1 1 O O O 
Benzyl Alcohol 
Average Count 1 1 O O O 
Results 1.OOE--OO 1.OOE-00 OOOE--OO O.OOE-00 OOOE--OO 
Nuclease + O O O 1 O 
Chlorhexidine 
Nuclease + O O O O O 
Chlorhexidine 
Average Count O O O 1 O 
Results O.OOE--OO O.OOE-00 OOOE--OO O.OOE-00 OOOE--OO 

Modifications and variations of the methods, products, and 
systems described herein will be obvious to those skilled in 
the art from the foregoing detailed description. Such modifi 
cations and variations are intended to come within the scope 
of the appended claims. 

We claim: 
1. A method of preparing a tissue implant for implantation 

comprising: 
treating an essentially acellular tissue material with a chlo 

rine dioxide treatment solution; and thereafter 
treating the tissue material with an antioxidant-containing 

Solution in an amount effective to degrade the chlorine 
dioxide, remaining in the tissue material following treat 
ment with the chlorine dioxide treatment solution. 

2. The method of claim 1, wherein during treatment with 
the chlorine dioxide treatment solution, the chlorine dioxide 
treatment solution comprises greater than about 50 ppm chlo 
rine dioxide for about 60 minutes or longer. 

10 mL 10 mL 10 mL 

1.OOE-06 1.OOE--O7 1.OOE-07 
O O O 
O O O 
O O O 

O.OOE-00 OOOE--OO O.OOE-00 
O O O 

O O 1 

O O 1 
O.OOE-00 OOOE--OO SOOE-06 

O O O 

O O O 

O O O 
O.OOE-00 OOOE--OO O.OOE-00 

O O O 

O O O 

O O O 
O.OOE-00 OOOE--OO O.OOE-00 

50 

55 

60 

65 

3. The method of claim 1, wherein the concentration of 
chlorine dioxide in the chlorine dioxide treatment solution is 
about 100 ppm to about 160 ppm. 

4. The method of claim 1, wherein the antioxidant-contain 
ing solution comprises ascorbic acid or a salt thereof. 

5. The method of claim 1, wherein the antioxidant-contain 
ing solution comprises sodium ascorbate. 

6. The method of claim 1, wherein the antioxidant-contain 
ing Solution comprises sodium ascorbate in a concentration of 
about 9.0 mM to about 11.0 mM. 

7. The method of claim 1, further comprising vacuum 
sealing the tissue material in a package with the antioxidant 
containing solution. 

8. The method of claim 7, further comprising sterilizing the 
tissue material while the tissue material is in the package. 

9. The method of claim 1, wherein the tissue material 
comprises human, bovine or equine pericardium. 

10. The method of claim 1, whereintreatment of the tissue 
material provides at least a 10 log viral reduction. 
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11. The method of claim 1, wherein the antioxidant-con 
taining solution comprises butylhydroxytoluene or toco 
pherol. 

12. A method of preparing a tissue implant for implantation 
comprising: 

treating a pericardium tissue material, which has been har 
vested from a donor and rendered essentially acellular, 
with a chlorine dioxide treatment solution; and thereaf 
ter 

treating the pericardium tissue material with an antioxidant 
Solution, which comprises ascorbic acidora salt thereof, 
to degrade the chlorine dioxide, remaining in the peri 
cardium tissue material following treatment with the 
chlorine dioxide treatment solution. 

5 

10 

13. The method of claim 12, wherein the concentration of 
chlorine dioxide in the chlorine dioxide treatment solution is 
about 100 ppm to about 160 ppm and wherein the antioxidant 
comprises sodium ascorbate in a concentration of about 9.0 
mM to about 11.0 mM. 

14. The method of claim 12, wherein during treatment with 
the chlorine dioxide solution, the chlorine dioxide treatment 
solution comprises greater than about 50 ppm chlorine diox 
ide for about 60 minutes or longer. 

15. The method of claim 12, wherein the treatment of the 
pericardium tissue material with the chlorine dioxide treat 
ment Solution comprises treating the pericardium tissue mate 
rial with a chlorine dioxide treatment solution for one or more 
periods of about 60 to about 90 minutes. 

16. The method of claim 12, further comprising vacuum 
Sealing the pericardium tissue material in a package with the 
antioxidant solution. 

25 

30 
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17. The method of claim 16, further comprising sterilizing 

the pericardium tissue material while the pericardium tissue 
material is in the package. 

18. The method of claim 17, wherein sterilizing the peri 
cardium tissue material comprises irradiating the pericardium 
tissue material. 

19. The method of claim 12, wherein treatment of the 
pericardium tissue material provides at least a 10 log viral 
reduction. 

20. A method of preparing a tissue implant for implantation 
comprising: 

treating a pericardium tissue material, which has been har 
Vested from a donor and rendered essentially acellular, 
with a chlorine dioxide treatment solution; and thereaf 
ter 

treating the pericardium tissue material with an antioxidant 
solution; 

Vacuum sealing the pericardium tissue material in a pack 
age with the antioxidant solution to form a packaged 
tissue material; and 

Sterilizing the packaged tissue material with ionizing radia 
tion, 

wherein the antioxidant solution is effective to degrade the 
chlorine dioxide, remaining in the pericardium tissue 
material following treatment with the chlorine dioxide 
treatment solution and/or to act as a radioprotectant dur 
ing the sterilization. 

21. The method of claim 20, wherein the antioxidant solu 
tion comprises ascorbic acid, a salt of ascorbic acid, butylhy 
droxytoluene, tocopherol, or a combination thereof. 


